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20. experts and novices begin their problem representations with
specifiably different problem categories, and completion of
the representation depends on the knowledge associated with
the categories. For the experts, problem representation and
subsequent approach to solution is guided by the physics prin-
ciples initially abstracted from a problem, while novices
base their representation and approaches on the problem's
literal featuresk\“
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Abstract

The representation of physics problems in relation to the organization

of physics knowledge is investigated in experts and novices. Four experi-
ments examine (1) the existence of problem categories as a basis for repre-
sentation, (2) differences in the categories used by experts and novices,
(3) differences in the knowledge associated with the categories and (4)
features in the problems that contribute to problem categorization and
representation. Results from sorting tasks and protocols reveal that ex-
perts and novices begin their problem representations with specifiably
different problem categories, and completion of the representation depends
on the knowledge associated with the categories. For the experts, problem
representation and subsequent approach to solution is guided by the physics
principles initially abstracted from a problem, while novices base their

representation and approaches on the problem's literal features.
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Categorization and Representation of Physics

Problems by Experts and Novices

This paper presents studies designed to examine differences in the ways
expert and novice problem solvers represent physics problems, and to investi-
gate implications of these differences for problem solution. A problem repre-
sentation is a cognitive structure corresponding to a problem, which is con-
structed by a solver on the basis of his domain-related knowledge and its
organization. A representation can take a variety of forms. Greeno (1977)
for example, has proposed the representation of a problem to be a constructed
semantic network containing various components. Some of these are in close
correspondence with the problem as stated, including the initial state (i.e.,
the "givens"), the desired goal, and the legal problem solving operators
(Newell & Simon, 1972). In addition, a representation can contain embellishments,
inferences, and abstractions (Heller & Greeno, 1979). Since such embellishment
is one way of judging a solver's "understanding" of a problem (Greeno, 1977),
it is possible that with increasing experience in a domain, the representation
becomes more enriched. The research described here explores the changes in
problem representation that emerge as a result of developing subject-matter
expertise.

It is well-known by now that the quality of a problem representation in-
fluences the ease with which a problem can be solved (Hayes & Simon, 1976;
Newell & Simon, 1972). In physics, Simon and Simon (1978) have attributed
the expert's "physical intuition" to the quality of the problem representation.

The current consensus is that the expert's representation is superior because




it contains a great deal of "qualitative" knowledge. De Kleer (1977), for
example, has introduced both "quantitative" and "qualitative" components in
the expart's representation of a physics problem where the qualitative com-
ponent inciudes nonmathematical semantic descriptions of physical objects and
their interactions. Novak's (1977) program ISSAC also suggested some charac-
teristics of qualitative representation. In this program, physical objects
from a problem statement are represented not literally, but rather, as abstract
object categories--'canonical object frames"--each of which serves an equiva-
lent physics role (e.g., pivot, lever or point mass). The canonical object
frame is a knowledge structure that augments the information about an object
stated in a problem with associated information from the knowiedge base. In
later work, Novak has proposed that categorization by object types in represen-
tation be extended to include categorization by problem types (Novak & Araya,
1980). Categorization of a problem as a type would cue associated informafion
in the knowledge base. Similarly, Reif (1979), has proposed a problem solving
model in which an initial step is a representation or "redescription of any
problem in terms of concepts provided by the knowledge base" (p. 1). The
knowledge base he proposes is arranged around "problem schemata," each of
which contains information necessary to solve a specific category of problems.
The hypothesis guiding the present research is that the representation
is constructed in the context of the knowledge available for a particular type
of problem. The knowledge useful for a particular problem is indexed when a
given physics problem is categorized as a specific type. Thus, expert-novice
differences may be related to poorly formed, qualitatively different, or non-
existent categories in the novice representation. In general, this hypothesis

is consistent with the "perceptual chunking" hypothesis for experts (e.g.,




Chase & Simon, 1973) and its more general cognitive ramifications (e.g., Chase
& Chi, in press), which suggest that much of expert power lies in the ability
to quickly establish correspondence between externally presented events and
internal models for these events.

More particularly, some evidence already exists in the literature to
suggest that solvers represent problems by category and that these categories
might direct problem solving. First, Hinsley, Hayes, and Simon (1978) found
that college students can categorize algebra word problems into types and that
this categorization can occur very quickly, sometimes even after reading just
the first phrase of the problem statement. FfFor example, if subjects were to
hear the words "“a river steamer," then they might surmise that the probiem was
one about current, perhaps comparing the rates of going upstream and downstream.
The ability to quickly categorize problems suggested to Hinsley et al. (1978)
that "problem schemata" exist and can be viewed as interrelated sets of knowl-
edge that unify superficially disparate problems by some underiying features.
Secondly, in the chess research, it appears that experts' superiority in memori-
zing chess board positions arises from the existence of a large store of intact
and well-organized chess configurations or patterns in memory (Chase & Simon,
1973). It is plausible that a choice among chess moves (analogous to physics
solution methods) results from a direct association between move sequences and
a configural (chunked) representation of the surface features of the board.
Finally, from research in medical diagnosis, there is evidence to suggest that
expert diagnosticians represent particular cases by general categories, and
that these categories facilitate the formation of hypotheses during diagnosis
(Pople, 1977; Wortman, 1972).

The accumulation of evidence for the importance of categorization in

expert problem solving leads us to examine the role of categorization in expert
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physics problem solving: in particular, to investigate the relationships
between such categorization and subsequent attempts at solution. The follow-
ing series of studies attempts to determine the categories that experts and
novices impose on physics problems (Studies One and Two), the knowledge which
these categorical representations activate in the problem solver (Study Three),
and the cues or features of problems which subjects use to choose among alterna-

tive categories (Study Four).

Study One: Problem Sorting

The objective of the first study was to determine the kinds of categories
subjects (of different experience) impose on problems. Using a sorting pro-
cedure, we asked eight advanced Ph.D. students from the physics department
(experts) and eight undergraduates (novices) who had just completed a semester
of mechanics, to categorize 24 problems selected from Halliday and Resnick's

(1974) Fundamentals of Physics text, beginning with Chapter 5 on Particle

Dynamics and ending with Chapter 12 on Equilibrium of Bodies. Three problems
were selected from each chapter, and these were individually typed on 3 x 5
cards. Instructions were to sort the 24 problems into groups based on simi-
larities in how they would be soived. The subjects were not allowed to use
pencil and paper and, thus, were not able to actually solve the problems in
order to sort them. As a test of consistency, subjects were asked to re-sort
the problems after the first trial. Following this, they were asked to explain
the reasons for their groupings. The time taken to sort an each trial was also
measured.

Analysis of Gross Quantitative Results

No gross quantitative differences between the sorts produced by the two

skill groups were observed. There were no differences in the number of




categories produced by each group (8.4 for the experts Md 8.6 for the novices),

and the four largest categories produced by each subject captured the majority
of the problems (80% for the experts and 74% for the novices). Likewise, ex-
perts and novices were equally able to achieve a stable sort within the two
trials. That is, their second sort matched their first sort very closely. i
This suggests that their sorting pattern was not ad hoc, but rather, was based
on some meaningful representation.

There were, however, some differences in the amount of time it took ex-
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perts and novices to sort the problems. It actually took experts longer (18

minutes or 45 seconds per problem, on the average) to sort the problems in the

o

first trial than the novices (12 minutes or 30 seconds). Both groups were

relatively fast at sorting the second trial (4.6 minutes for the experts and
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5.5 minutes for the novices). The speed with which the problems were sorted
on the second trial (about 12 seconds per problem) suggests that subjects
probably did not have to go through the entire process of “understanding” each

problem again. Since the problems were all categorized after the first trial,

the subjects probably needed only to identify the cues that elicited category
membership.

In general, these quantitative data suggest that both experts and novices

were able to categorize problems into groups in a meaningful way. Other than
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the difference in the time taken to sort on the first trial, there was little
difference between skill groups. The critical question then becomes, what
are the bases on which experts and novices categorize these problems.

Qualitative Analyses of the Categories

Analyses of four pairs of problems. A cluster analvsis (Diameter method)

was performed on the problems grouped together by the experts and those arouped




by the novices. Such an analysis shows the degree to which subjects of each lj
skill group agree that certain problems belong in the same group. One way to
interpret the cluster analysis is to examine only those problems that were
grouped together with the highest degree of agreement among subjects.

Our initial analysis centered on four pairs of probiems. Figures 1 and 2
contain the diagrams of pairs of problems that were grouped together by the !
novices and the experts, respectively. These diagrams can be d'awn to depict {
the physical situations described in the problem statements, and are sometimes {
given along with a problem statement (although no diagrams were given to the
subjects in our studies). All eight novices grouped the top pair (of Figure 1)
together, and seven of the eight novices grouped the bottom pair. Both pairs

of problems in Figure 2 were grouped together by six of the eight experts.

Insert Figures 1 and 2 about here

Examination of the novice pairs (Figure 1) reveals certain similarities

in the surface structures of the problems. By “surface structures,”" we mean

either (a) the objects referred to in the problem (e.g., a spring, an inclined
plane), (b) the literal physics terms mentioned in the problem (e.g., friction,
center of mass), or (c) the physical configuration described in the problem
(i.e., relations among physical objects such as a block on an inclined plane).
Each pair of problems in Figure 1 contains the same object components and
configurations: circular disks in the upper pair and blocks on an inclined
plane for the lower pair.

The suggestion that novices categorize by surface structure can be con-

firmed by examining subjects' verbal descriptions of their categories. (Samples




are given in the figures.) According to their explanations, basically the top
pair of problems involve "rotational things" and the bottom two problems in-
volve "blocks on inclined planes."

To reiterate, the surface features used by the novices may involve either
the keywords given in the problem statement, or the abstracted visual config-
urations. That is, the presence of identical keywords (such as friction) is
one criterion by which novices group the problems as similar. Yet, they were
also capable of going beyond the word level to classify by types of physical
objects. For example, "merry-go-round” and "rotating disk” are classified as
the same object, as is the case for the top pair of problems in Figure 1.

For experts, surface features do not seem to be the bases for categori-
zation. There is no great similarity in the keywords used in the problem
statements. Nor is visual similarity apparent in the diagrams depictable from
each pair of problems shown in Figure 2. Nor is the superficial appearance
of the equations that can be used on these problems the same. Oniy a physicist
can detect the similarity underlying the expert's categorization. [t appears
that the experts classify according to the major physics principle governing
the solution of each problem. The top pair of problems in Figure 2 can be
solved by the application of the Conservation of Energy Law while the bottom
pair is better solved by the application of Newton's Second Law (F=MA). The
verbal justification of the expert subjects confirms this analysis. If "deep
structure" is defined as the underlying physics law applicable to a problem,
then it seems clear that this deep structure is the basis by which experts
group the problems.

Analysis of categories. Further insight into the ways subjects cate-

gorize problems is given by the descriptions subjects gave for the categories




they created. Tables 1 and 2 show the category descriptions (column 1) used

by more than one expert or novice. These category labels apply to all prob-
lems within each of their sorted pﬂes.l Column 2 shows the number of sub-
jects who used the category label. Column 3 shows the average size of the
category among subjects who used it. And column 4 gives the total number of
problems {(out of 192, 24 problems for each of 8 subjects) accounted for by

the category.

Insert Tables 1 and 2 about here

There are several things to note about these data which confirm our
initial analyses of the four pairs of problems. First, there is little
overlap between expert and novice categories. Only five of 20 distinct
categories (marked with asterisks) are shared by the two groups. Second,
if one considers the four predominant categories (the upper four in the
tables in each subject group, ranked by total number of problems in each),
the only overlap is in the category "angular motion." In particular, for
these predominant classifications, the novices' descriptions are mostly
objects and other surface characteristics of problems, whereas descriptions
given by experts all involve laws of physics.

Third, although both experts and novices classify a large number of
probiems {61% for the experts, 43% for the novices)2 into four categories,
there is a slight difference in the distribution of the problems across
categories, which may suggest greater variability in novices' classifica-
tion. That is, three major categories aczounted for a sizable number (33
on the average) of experts' problems, whereas only one major category

accounted for a large number (39) of novices' problems. This again suggests
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that experts are able to "see" the underlying similarities in a great number
of problems, whereas the novices "see" a variety of problems that they con-

sider to be dissimilar because the surface features are different.

Study Two: Sorting Problems with Surface Similarity

The objective of this study was to test our interpretations of Study
One, that experts categorize problems by laws of physics, and novices cate-
gorize them by the surface features. A new set of 20 problems was con-
structed in which surface features were roughly crossed with applicable
physics laws. Table 3 shows the problem numbers and the dimensions on which
these problems were vam‘ed.3 The left column indicates the major objects
that were described in a problem. The three right headings are basic laws
that can be used to solve problems. Figure 3 shows an example of a pair
of problems that contain the same surface structure but different deep
structure. In fact, they are identical except for the question asked.
Our prediction was that novices would group together problems that have
the same surface structure, regardless of the deep structure, and experts
would group together those problems with similar deep structures, regard-
less of the surface structure. Individuals of intermediate competence

should exhibit some characteristics of each,

Insert Table 3 and Figure 3 about here

The results confirm our previous interpretation. Table 4 shows the
groupings and explanations of a novice who had completed one course in
mechanics. This novice classification is based entirely on the surface

structures of the problems. He collapsed problems across the physics laws,
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as was predicted. For example, of the four problems in Group 2, 11 and 12

are Force problems and 16 and 19 are Energy problems. The two problems in
Group 4, classified by the novice as "Conservation of Energy," were problems
purposely constructed as additional tests of "surface dependence" in novices.
That is, the novice identified them as Energy problems only because they
both have Energy "cover stories," (i.e., they are stated in terms of Energy),

even though the major principle in each is Conservation of Momentum.

Insert Table 4 about here

Table 5 shows the groupings of a physics graduate student. He classi-
fied the problems according to the three underlying physics laws specified
a priori in Table 3. However, four of his classifications are discrepant
with our analysis of the underlying principles. These discrepancies probably
reflect deficiencies in his knowledge organization. That is, the features

in the problem statement cued the "wrong" category.

Insert Table § about here

That the graduate student's categorization was deficient is supported

by Table 6 which shows the ;ategories of a physics professor who sorted the

problems after having spent considerable time thinking about how he would
solve each problem in conjunction with a different task (reported in Study
Four). Hence, this subject's categorization can serve as a validation for
our prior analysis of problem types (Table 3). Only one problem, (9), is

sorted according to a principle different from our choice.

B
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Insert Table 6 about here

What would an individual of intermediate competence do? Table 7 shows
the groupings of an advanced novice (a fourth year undergraduate physics
major). His representations of the problems are characterized by the under-
lying principles in an interesting way. These principles are qualified and
constrained by the surface components included in the problems. For example,
instead of classifying all the Force problems together (Groups 4, 6, and 7),
as did the expert, he explicitly separated them according to surface entities
of the problems. However, although he did not strictly group problems by
physics laws, neither did he uniformly group them according to surface
features. For instance, Groups 3 and 6 were separated even though they
both involved springs. In addition, his principle-groupings were substan-
tially discrepant with our prior analysis and that of the physics professor

(Expert V.V. Table 6).

Insert Table 7 about here

To summarize the second study, we were able to replicate the initial
finding that experts categorize physics problems by the underlying physics
principles, a kind of "deep structure," whereas novices categorize problems
by the surface structure of the problem. Furthermore, with learning, ad-
vanced novices begin to categorize problems by the principles with gradual

release from dependence on the physical characteristics of the problems,

although their groupings are still constrained by surface features.
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Discussion of the Nature of the Representation

The results of the first two studies clearly indicate that the cate-
gories into which experts and novices sort problems are qualitatively dif-
ferent. However, neither group is classifying solely on the basis of the
literal description of the problem statement. Both are able to read and
gain some understanding of the problem: that is, to construct a somewhat
enriched internal representation of it.

What is the relation between categorization and a subject's representa-
tion of problems? There are at least two plausible interpretations. One
is that after the reading of a problem statement, a representation is formed
and, based on that representation, the problem is categorized. The taxonomy
of representations proposed by McDermott and Larkin (1978) offers a plausi-
ble interpretation for the present results. These authors have proposed
that the problem solver progresses through four stages of representations

as s/he solves a problem. The first stage is a literal representation of

the problem statement (containing relevant keywords) and the fourth stage
is the algebraic representation that results once equations are produced.
The middle two are the most important. The second stage ("naive") repre~
sentation contains the literal objects and their spatial relationships as
stated in the problem and is often accompanied by a sketch of the situation
(Larkin, 1980).4 Such a representation and the accompanying sketch is
"naive" because it can be formed by a person who is relatively ignorant of
the domain of physics. The third stage ("scientific") representation con-
tains the idealized objects and physical concepts, such as forces, momenta,

and energies, which are necessary to generate the equations of the algebraic

representation. This stage is related to the solution method. A plausible
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interpretation based on this framework is to postulate that novice's cate-
gorization is based on the construction of "naive" representations, with

some limited elements of a "scientific" representation. Experts, on the
other hand, may have constructed a more "scientific" representation, and
based their categorizations on the similarities at this third level of repre-
sentation. Such an interpretation would be consistent with the timing data
of Study One: that is, it could explain why experts actually took longer
initially to classify the problems. They had to process the problems more
"deeply" to a scientific representation in order to determine the principle
underlying a problem.

An alternative interpretation for the nature of problem representation
and its relation to categorization, is to postulate more interaction among
“stages” of representation than is propased by McDermott and Larkin. Under
this interpretation, a problem can be at least tentatively categorized after
some gross preliminary analyses of the problem features. After a potential
category is activated, then the remainder of the representation is constructed
for solution with the aid of available knowledge associated with the category.
This interpretation is supported by the evidence that a problem can be cate-
gorized quickly (within 45 seconds, including reading time) and that it can
often be tentatively categorized after reading just the first phrase of the
prob]eml(Hinsley et al., 1978; and our own results from Study Four). Accord-
ing to this interpretation, a problem representation is not fully constructed
until after the initial categorization has occurred. The categorization
processes can be accomplished by a set of rules that specify problem features
and the corresponding categories that they should cue.

The second interpretation is our initial preferred hypothesis for the

process of representing a problem for solution. It suggests that a problem
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representation is constructed in the context of the knowledge available for
a problem type which constrains and guides the final form which the repre-
sentation will take. A category and its associated knowledge within the
knowledge base constitute a "schema," in Rumelhart's sense (in press), for

a particular problem type. It is the content of these problem schemata
(plural for schema) that ultimately determines the quality of the problem
representation. Because the character of problem categories is dif-

ferent between experts and novices, we postulate that their problem schemata
contain “"different" knowledge. The next study presents a somewhat more
direct look af the knowledge accessed by the category labels used by experts

and novices.

Study Three: Contents of Schemata

We presume that the category descriptions provided by experts and
novices (Tables 1 and 2) represent labels they use to access a related unit of
knowledge, i.e., a schema. To assess the kind of knowledge that might be
associated with these schemata, a selected set of 20 category labels, ranging
from those generated predominantly by experts (e.g., Newton's Second Law,
see Table 1) to those provided by novices (e.g., block on incline, see
Table 2), were presented to two experts (M.G., M.S.) and two novices (H.P.,
P.D.). Subjects were given three minutes to tell everything they could
about problems involving each category label and how these might be solved.

Analysis of Protocols as Node-link Structures

The protocols of one expert's (M.G.) and one novice's (H.P.) elabora-
tion of the category label "inclined plane," can be grossiy diagramed in
the form of a node-link structure (see Figures 4 and 5). The network

depiction shown in Figure 4 indicates that the novice's representation for
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“inclined plane" is very well developed. His representation contains numer-
ous variables that can be instantiated, including the angle at which the
plane is inclined with respect to the horizontal, whether there is a block

resting on a plane, and the mass and height of the block. Other variables

mentioned by the novice include the surface property of the plane, whether

or not it has friction, and if it does, what the coefficients of static and

kinetic friction are. The novice also discussed possible forces that may

act on the block, such as possibly having a pulley attached to it. The
novice did not discuss any physics principles until the very end, where he

mentioned the pertinance of Conservation of Energy. However, his mentioning

of the Conservation of Energy principle was not elicited as an explicit
solution procedure that is applicable to a configuration involving an in-
clined plane, as is the case with the expert, as will be seen in a later

analysis.

Insert Figure 4 about here

The casual reference to the underlying physics principle given by the
novice in the previous example is in marked contrast to the expert's protocol
in which she immediately mentioned general alternative basic physics prin-
ciples, Newton's Force Laws and Conservation of.Energy, that may come into
play for problems containing an inclined plane (see Figure 5). The expert
not only mentioned the alternative methods, but also the conditions under
which they can be applied (see the dotted enclosures in Figure 5). There-
fore, the expert appears to have, associated with her principles, procedural

knowledge about the applicability of the principles.




Insert Figure 5 about here

After her elaboration of the principles and the conditions of their
applicability to inclined plane problems (depicted in the top half of

Figure 5), Expert M.G. continued her protocol with descriptions of the

structural or surface features of inclined plane probiems (see lower half

of Figure 5), much like the description provided by Novice H.P. in Figure 4.
Hence, it appears that this knowledge is common to subjects of both

skill groups, but the expert has additional knowledge pertaining to solution

procedures based on major physics laws.

Analysis of Protocols in the Form of Production Rules

An alternative way to analyze the same set of protocols is to convert
them directly into "production rules" (Newell, 1973). This can be done
simply by converting all statements that can be interpreted as reflecting
IF-THEN or IF-WHEN structures in the protocols. This transformation is
quite simple and straightforward, and covers a majority of the protocol
data. Tables 8 and 9 depict the same set of protocols as do Figures 4 and
5, except these include also the data of the other two subjects. Such an
analysis captures differences between the expert and novice protocols in

a more pronounced way, and other differences also become more apparent.

Insert Tables 8 and 9 about here

As suggested earlier, the experts' production rules (Table 8) contain

explicit solution methods, such as "use F=MA," "sum all the forces to 0."

$#
i
These procedures may be considered as calls to action schemata (Greeno, 1980). 1
5
%




None of the novices' rules depicted in Table 9 contain any actions that

are explicit solution procedures. Their actions can be characterized more
as attempts to find specific unknowns, such as "find mass" (see rules with
asterisks in Table 9). In addition, one novice (H.P.), exhibited a number
of production rules that have no explicit actions. This suggests that he
knew what problem cues are relevant, but did not know what to do with them.
That is, if we think of the protocols as reflecting contents of an inclined
plane schema, the novice's schema may contain fewer explicit procedures.
Finally, our network analyses (Figures 4 and 5) suggested that the
mentioning of Conservation of Energy by Novice H.P. was somehow different
from the mentioning of Conservation of Energy by the Expert M.G. This dif-
ference can now be further captured by this second mode of analysis. In
Table 9, it can be seen that the novice H.P.'s statement of Conservation of
Energy (Rule 8) was part of a description of the condition side of a produc-
tion rule, whereas the statement of this principle by both experts (Table 8,
see asterisks) is described on the action side of the production rules--
supporting our previous interpretation of a difference in the way "Conserva-
tion of Energy" was meant when mentioned in the protocols of Novice H.P.

(Figure 4) and expert M.G. (Figure 5).

Study Four: Feature Identification

We have now claimed: (a) that experts and novices categorize problems
differently, (b) that these categories elicit a knowledge structure (a
schema) that functions in the representation of a problem, and (c) that at
least for experts this schema includes potential solution methods. In this
study, we attempt to determine problem features that subjects use in elicit-

ing their category schemata and, hence, their solution methods.
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Subjects in this study were asked to read problem statements and to
think out loud about the "basic approach" that they would take towards solv-
ing the problem. Subjects were encouraged to report all thoughts and
hunches they had while deciding upon a "basic approach," even if these ideas
occurred during the reading of the problem. Following this unconstrained
thinking period for each problem, subjects were asked to state their "basic
approach" explicitly and to state the problem features tha' led them to
their choice.

The subjects were two physicists who had frequently taught introductory
mechanics and two novices who had completed a basic college course in me-
chanics with an A grade. The problems used in this task were the same 20
(described in Table 3) used for the sorting replication (Study Two). That

is, they have surface configurations crossed with principles.

Analyses of "Basic Approaches"

Table 10 gives the final "basic approaches" for all 20 problems, as stated
by the two experts. Two aspects of these results are noteworthy. First,
"basic approaches" are interpreted by the experts as the major principles
they would apply to solve the problems. In particular, these experts used
the same terms for describing the basic solution method they would use as
other experts have given in the sorting tasks. This task elicited responses
consisting of the three major principles even more consistently than did the
sorting task (compare Tables 10 and 1). For only one problem (Problem =1),
did each expert use another term (center of mass). Second, intersubject
agreement is nearly perfect. Only three problems (3, 5, 7) seemed like dis-
agreements between the subjects. These arise from Expert J.L.'s use of

"work" and Expert V.V.'s use of "Conservation of Energy." Postexperimental
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discussion revealed that Expert J.L. made a distinction between "energy"

problems in which a dissipative force must be accounted for in the energy
equation (work) and problems involving no dissipative force (strict Con-
sarvation of Mechanical Energy). Expert V.V. made no overt distinction
between these types, treating the "work" problems as a special case of

Energy Conservation.

Insert Table 10 about here

Results from the two novices were impossible to analyze in the same
way because these subjects were unable to produce any kind of abstracted

solution methods except the most general kind. In particular, when asked

to develop and state "a basic approach," they did one of two things. They

either made very global statements about how to precede, "First, I figured

out what was happening...then I, I started seeing how these different

things were related to each other....I think of formulas that give their

relationships and then...I keep on relating things through this chain....,"

or they would attempt to solve the problem, giving the detailed equation

sets they would use.

Features Cuing the Principles

We examined the second portion of the protocols where subjects ex-
plicitly stated the features of the problems that led to their "basic
approach.” This analysis reveals several interesting aspects that are
consistent with our interpretations from earlier experiments. Table 11
shows the frequency with which problem features were cited by the two

experts and two novices as salient for leading to their "basic approach.”
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A feature was included if it was mentioned at least twice (across 20 problems)

by either of the two subjects, or once by both. The numbers given represent

the number of problems for which each subject listed each feature as influ-

ential in his or her "basic approach" decision.

Insert Table 11 about here

First of all, as can be seen in the table, the kinds of features men-
tioned as relevant by the novices are different from those identified as
relevant by the experts. There is essentially no overiap in the features
mentioned by novices and experts except for the object "spring." Relevant
features selected by the novices are again literal objects and terms that
can be identified in the problem statement, such as “friction," “"gravity,"
etc. Features identified by the experts can be characterized as descrip-
tions of the states and conditions of the physical situation described by
the problem. In some instances, these are transformed or derived features,
such as a "before and after situation” or "no external forces." Because

these features are not explicitly stated in the problem, we refer to these

features as second-order features. Second-order features are almost never
mentioned by the novices.

Since second-order features must necessarily be derived from more
literal surface features that are in the problem statements, it is of
interest to see if the surface features in the problem statement that elicit
these second-order features can be identified. In order to do this, we can
examine the initial part of the protocols (deciding the "basic approach")

where second-order features were mentioned, and infer the literal surface



